The ob jec tive of this work is to de velop the ex ist ing a zero-di men sional model named ODES to pro vide de tailed in sights into the in ter nal
In this pa per, the gen eral strat egy for the de vel op ment of com bus tion mod els is based on zero-di men sional for mu la tions, which means that, com pared to three-di men sional com pu ta tional fluid dy nam ics (CFD) codes, there are ad van tages re gard ing cal cu la tion time, easy han dling, and re quired num ber of model con stants. On the other hand, there are lim i ta tions such as less de tailed de scrip tion of mix ture prep a ra tion and com bus tion pro cess and the lack ing ca pa bil ity to take into ac count three-di men sional ef fects due to the ge om e try of the com bus tion cham ber. In the new heat trans fer model, the com bus tion cham ber is di vided into three zones in clud ing cyl in der head, cyl inder wall, and pis ton head. The steady-state heat con duc tion equa tion is solved by us ing the al ter native di rec tion im plicit (ADI) method with re placed bound ary and ini tial con di tions. The re sults gave the tem per a ture dis tri bu tion of com bus tion cham ber walls. By us ing the mean tem per a ture of each part and the cool ant tem per a ture in the con vec tive heat trans fer equa tion, the rate of heat loss from com bus tion cham ber walls to the cool ant is cal cu lated.
ODES model
The ex ist ing For tran 77 code named ODES (Otto-Die sel-En gine-Sim u la tion) de vel oped at the Uni ver sity of Bath by Wallace and co-work ers in 1993 [24] . Then ex tended by Khalilarya for die sel en gine sim u la tion in 2002 [25] . In the pres ent work the ex isting heat re lease model is re placed by a new com pre hensive one, which is based on the tur bu lent flame speed in the com bus tion cham ber and heat trans fer model replaced by a new one which is based on fi nite dif fer ence meth ods to sim u late SI en gines heat re lease and heat losses. This code is a ther mo dy namic model which uses fill ing and empt ing meth ods, mass and en ergy con version laws. The en gine is in tro duced through ther mo dynamic con trol vol umes, flow re stric tions and shafts to the model. Fig ure 1 out lines the ideas be hind and structure within the model [26] .
The gov ern ing equa tions of this model have been derived by ap ply ing the first law of ther mo dy namic on cyl inder charge, which are time-de pend ent, first-or der or di nary dif fer en tial equa tions. In this model, cyl in der charge is con sid ered as an ideal gas mix ture. Dur ing in take and com pres sion stroke, cyl in der con tent is re garded as a non-re act ing ideal gas mix ture of air, fuel va por, and resid ual burned gases. Through out the com bus tion pro cess, the cyl in der is con sid ered to con sist of two ther mo dynamic re gions which are sep a rated by a thin spher i cal flame front, the un burned gas re gion and the burned gas re gion (e. g. fig. 2 ) [27] .
Dur ing ex pan sion, only burned gases are as sumed to ex ist in the cyl in der. Tem per ature, pres sure, mass amount, and other gas prop er ties in ev ery crank an gle will be avail able for each con trol vol ume by cal cu lat ing mass per pe tu ity, en ergy and gas com po nent con ver sion eqs. 
By solv ing these equa tions through ini tial val ues for T, m, and l nu mer i cal in te gra tion will start. This code uses a pre dic tion-corrector method which cal cu lates T, m, and l step by step in each cy cle. By us ing eq. (4) the pres sure in each crank an gle is ob tained and through eq. (5) the power is cal cu lated for each time step:
Through fill ing and empt ing con trol vol umes the main as sump tions that have been con sid ered in de vel op ing this model are men tioned as [28] : -quasi-Steady: in this case the above equations are solved in separate time steps. So variables are constant in every time step. Beside, the calculation accuracy will increase by using small time steps, -semi ideal gas: specific heat coefficient in constant pressure and constant volume varies by temperature but follows from gas status equation, -cylinder contents during induction, compression and expansion processes are assumed to be a homogeneous gas mixture of air, fuel vapor and products of combustion, -during combustion process, the cylinder contents are considered to consist of two zones, burned and unburned gases; each zone has uniform local thermodynamic properties, and -thermodynamic properties of gases are calculated using ideal gas laws with temperature dependent specific heats; pressure inside the cylinder is assumed to be uniform and varies with the crank angle; the gas motion inside the cylinder (created by small pressure gradients due to piston motion) is neglected; for each control volume different heat transfer and heat release models can be used.
Heat trans fer model
The heat trans fer rate, from gas to the com bus tion cham ber wall is de ter mined by forced con vec tion equa tion [29, 30] and can be ex pressed as:
The heat trans fer pro cess be tween two zones de pends on the shape and the area of the flame front. Such a com pli cated pro cess is dif fi cult to be mod eled. Due to the cru cial role of heat trans fer in the de sign of en gines, all com puter pro grams for sim u la tion of in ter nal com bus tion en gines in clude a heat trans fer model. Many mod els have been pro posed for the heat trans fer coef fi cient, as sum ing that the heat flux is the same for the en tire heat trans fer sur face.
Nusselt's [31] model was the first en gine heat trans fer model based on a spher i cal bomb. Orig i nally it was used to pre dict the steady-state heat flux. It can also be used to pre dict the in stan ta neous heat flux. Annand [32] pro posed a heat trans fer model based on the steady-state tur bu lent con vec tion. Eichelberg's [33] model has been widely used to study the heat trans fer in large-scale two-stroke and four-stroke die sel en gines.
In this study in or der to pro vide a sim ple heat trans fer model, but yet ac cu rate enough, for the en gine sim u la tion, a heat trans fer co ef fi cient us ing the Woschni [34] cor re la tion is used for the fluid flow and com bus tion mod el ing of fuel mix ture which de ter mines the gas tem per ature and lo cal heat fluxes in the cham ber walls, eqs. (7) and (8). To sim plify the case, a rea sonable as sump tion of flow over a flat plate is used:
Woschni's cor re la tion, with the ex po nent in eq. (7) with m = 0.8 and C = 3.26 is summa rized in eq. (8) [35] :
Heat re lease model
Com bus tion is mod eled as a tur bu lent flame en train ment pro cess. This model has been de scribed by Blizard et al. [36] at first. Fur ther re fined by Tabaczynski [37] and Poulos [38] . The rate of prop a ga tion of ig ni tion sites is given by the sum of tur bu lent in ten sity and lam i nar flame speed [39] .
In the pres ent heat re lease model, the flame prop a ga tion type is based on the cyl in der flow field. It is as sumed that the charge is first en gulfed by the flame front along highly dissipative re gions or vor tex tubes with the tur bu lent flame ve loc ity and then burns across the spac ing char ac ter ized by a flame fac tor, un burned gas den sity, and the lam i nar flame ve loc ity. Equation (9) shows the heat re lease cal cu la tion method:
A cu bic spline func tion is used to give a smooth curve-fit for the flame front area and fuel con cen tra tion at the dif fer ent cross-sec tions. Thus, the model can sim u late the ef fect of cham ber shape and fuel dis tri bu tion. The model also gives a de scrip tion of the min i mum SI energy and flame pat tern, based on the cyl in der flow field. Equa tions (10)- (15) show the re la tions used to cal cu late lam i nar flame speed [40] : 
Equations (16)- (18) in di cate the re la tion be tween lam i nar and tur bu lent flame speed, in which a spe cific tur bu lent Reynolds func tion is used: 
In the pres ent de vel oped ODES code, the tur bu lent in ten sity is firstly as sumed 60 percent of en gine speed and then through the pro gram is cor rected by un burned gas mix ture spe cific den sity as eq. (19):
Within the re stric tions of ho mo ge neous and iso tro pic tur bu lence, an en ergy bud get can be used to re late l i and l m as in eqs. (20) and (21): 
Val ues of con stant pa ram e ters are de fined in tab. 1 [40] .
Heat losses model
Sat is fac tory en gine heat loss is re quired for a num ber of im por tant rea sons, in clud ing emissions, knock, and ma te rial tem per a ture lim its. Since the com bus tion pro cess in an in ter nal combus tion en gine is not con tin u ous as in the case for an ex ter nal com bus tion en gine, the com ponents tem per a tures are much less than the peak com bus tion tem per a tures. How ever, the tem per a tures of cer tain crit i cal ar eas need to be kept be low ma te rial de sign lim its.
The heat trans fer rate in an en gine is de pend ent on the cool ant tem per a ture and the engine size, among other vari ables. There are com plex in ter ac tions be tween var i ous op er a tional pa ram e ters. For ex am ple, as the tem per a ture of the en gine cool ant de creases, the heat loss to the cool ant will in crease, and the com bus tion tem per a ture will de crease. This will cause a de crease in the com bus tion ef fi ciency and en gine power. It will also cause an in crease in the ther mal stresses in the cyl in der sleeve, and in the size of the radiator needed.
For cal cu lat ing heat loss rate from run ning en gine to the sur round ing cool ant the convec tion heat trans fer equa tion is used, e. g. eqs. (22) 
The ap proach to de ter mine the com bus tion cham ber tem per a ture such as tem per a ture of pis ton crown (T w, pis ton ), cyl in der head (T w, head ), and cyl in der wall (T w, liner ) is de duced from the en ergy con ser va tion law.
To ob tain the tem per a ture dis tri bu tion in en gine com po nents, a 2-D axisymmetric finite-dif fer ence heat con duc tion model, e. g. eq. (25), is de vel oped [41] . In the en gine ge om e try, some bound ary points have spec i fied tem per a tures and oth ers have spec i fied heat fluxes. Wall heat flux bound ary con di tions are ob tained from ODES new com bus tion model. To cal cu late steady-state sur face tem per a ture dis tri bu tion, fi nite dif fer ence code is run in an it er a tive sequence. First, a mod i fied ver sion of ODES, is run to ob tain heat flux on cham ber walls, next, the fi nite dif fer ence code gen er ates a sur face tem per a ture pro file, based on the heat flux data from ODES, which will be used to cal cu late sur faces tem per a ture dis tri bu tions. Us ing this method, mean tem per a ture for cham ber walls and heat losses to the cool ant through each part are de termined: As the bound ary con di tion, the tem per a tures on the outer sur face of the cyl in der wall, cyl in der head, and pis ton head were treated from con vec tion be tween sur faces and the cool ant. Tem per a ture of the cool ants such as oil and wa ter are as sumed to be con stant. This is rea son able be cause the vari a tion of the tem per a ture on these cool ants is much smaller than that on the in ner sur faces of the com bus tion cham ber. The bound ary con di tion on the in ner gas-side sur face of the com bus tion cham ber was a spec i fied heat flux, which was ob tained through the cycle simulation process by the ODES.
The nu mer i cal method used here to cal cu late the tem per a ture dis tri bu tion on the combus tion cham ber is the ADI method which is an ac cu rate one, e. g. eqs. (26) and (27) 
By cal cu lat ing tem per a ture dis tri bu tion in com bus tion cham ber through ADI method a mean tem per a ture is used for each part in eqs. (22)- (24) .
Equa tions (28) and (29) are used to cal cu late the lo cal heat trans fer co ef fi cient for the cool ing fluid [42] : Fi nally, all new sub mod els have been fully in te grated into a new com pre hen sive sim ula tion pack age des ig nated ODES2.
Model val i da tion
The ex per i men tal re sults were car ried out on a four cyl in der, wa ter-cooled, four stroke SI en gine. The en gine spec i fi ca tions are shown in tab. 2 [43] .
Re sults and dis cus sions

Tem per a ture dis tri bu tions
The va lid ity of the pres ent sim u la tion model was eval u ated by com par ing its results with the ex per i men tal re sults at the same op er at ing con di tions and pa ram e ters. Ac cord ing to the en gine spec i fi ca tions, a fi nite dif fer ence method to cal cu late tem pera ture dis tri bu tion in this en gine was set up . Fig ure 3 shows the grids and bound ary con di tions of the model for the fine grid op tion. Fig ures 4-6 show the tem per a ture dis tri bu tions on cyl in der wall, cyl in der head, and pis ton head, re spec tively.
En gine per for mance pa ram e ters
The ac cu racy of the new com bus tion model is ver i fied by com par ing the pre dicted re sults with those given in ref. [43] . Figures 7-9 com pare the pre dicted torque, power and brake spe cific fuel con sump tion for gas o line fuel in 2500-5500 rpm engine speeds which show the rea son able agreement be tween them.
In this study, the fuel type also has been in ves ti - gated in ad di tion to the ef fect of en gine variables. Since meth ane is the ma jor com po nent of nat u ral gas, thus, meth ane is used as an alter na tive fuel for this in ves ti ga tion. There fore, the gas o line has been re placed with meth ane and the ef fect of var i ous pa ram e ters has been stud ied. Ac cord ing to the re sults, the torque and power re duced for the en gine fu eled with compresed nat u ral gas (CNG) with out any spe cial change in the char ac ter is tics. En gine torque and power com pared to ex per i men tal data for 2500-5500 rpm speeds are shown in figs. 10 and 11, for CNG fuel, re spec tively. As shown in the fig ures, in CNG fuel sys tem, torque, and power are less than gas o line. The re duc tion in power and torque is mainly due to the dis place ment of some of the air by the fuel gas and the as so ci ated re duc tion in vol u met ric ef fi ciency be cause of the ab sence of the evap o ra tive cool ing en coun tered with liq uid fu els ap pli ca tions [44] [45] [46] . The rel a tively lower heat ing val ues and slower flame prop a ga tion rate of nat u ral gas-air mix ture in com par i son also con trib ute to this power loss. Fig ures 12 and 13 show the heat losses to the coolent for both fuel types, re spec tively. The com puted re sults are very close to the ex per i men tal data. How ever, the heat loss in the CNG-fu elled en gine is slightly less than that of gas o line-fu elled en gine in the op er at ing con ditions.
Heat losses
Con clu sions
In this study the ex ist ing semi-em pir i cal com bus tion model has been re placed by a new com pre hen sive one, which is based on the tur bu lent flame speed in the com bus tion chamber. The SI en gine per for mance pa ram e ters such as torque, power, and brake spe cific fuel consump tion val ues for dif fer ent en gine speeds were ob tained for both gas o line and CNG fu els. The cyl in der work ing fluid mean tem per a ture, rate of heat fluxes to com bus tion cham ber, and temper a ture dis tri bu tion on com bus tion cham ber sur faces were suc cess fully de vel oped in this study. The nu mer i cal method to ob tain tem per a ture dis tri bu tion was the al ter na tive di rec tion implicit fi nite dif fer ence method. This method char ac ter ized by its im plicit na ture, un con di tional nu mer i cal sta bil ity and pro vided an ac cu rate and con sis tent method for ob tain ing the tem per ature dis tri bu tions. This is done to ob tain more re al is tic and ac cu rate tem per a ture dis tri bu tion on the sur face and in side the SI en gines com bus tion cham ber com po nents and also can be used for stress anal y sis in en gine parts or as the proper bound ary con di tion for en gine sim u la tion.
The ex ist ing three wall heat trans fer model has been re placed by a new one. In the new heat trans fer model, the com bus tion cham ber has been di vided into three zones in clud ing cyl inder head, cyl in der wall, and pis ton head and heat losses cal cu lated for each part through mean tem per a ture and con vec tive heat transfer coefficient. The code has been ex ten sively val i dated with re spect to per for mance and heat trans fer against ex per i men tal re sults ob tained on XU7JP SI en gine with two kinds of fuel (gas o line and CNG) and gave good agreement. Ac ro nyms ADI -alternative direcion implicit CFD -computational fluid dynamics CNG -compresed natural gas ODES -Otto-Diesel-Engine-Simulation SI -spark ignition
No men cla ture
